Enzymes expressed in response to vinyl chloride, ethene, and epoxyethane by Nocardioides sp. strain JS614 were identified by using a peptide mass fingerprinting (PMF) approach. PMF provided insight concerning vinyl chloride biodegradation in strain JS614 and extends the use of matrix-assisted laser desorptionionization time of flight mass spectrometry as a tool to enhance characterization of biodegradation pathways.
Vinyl chloride (VC), a known human carcinogen (2) and groundwater contaminant (21) , is often generated in groundwater by the incomplete reduction of chlorinated solvents. Diverse bacterial genera, including Mycobacterium (3, 12) , Nocardioides (3, 18) , Ochrobactrum (5) , Pseudomonas (5, 22) , and Ralstonia (9), use both VC and ethene as carbon and energy sources. Several strains appear to use the same enzymes to metabolize both VC and ethene (4, 12, 18) . Alkene monooxygenase (AkMO) oxidizes VC to chlorooxirane (12, 22) and ethene to epoxyethane (3, 7, 8, 18) . Epoxyalkane:coenzyme M transferase (EaCoMT) participates in further metabolism of both epoxyethane (4, 6, 18) and chlorooxirane (4) . An unknown number of enzymatic steps catalyze the conversion of these epoxides to acetyl coenzyme A (acetyl-CoA) (7) . Elucidating the remaining enzymes and intermediates of aerobic VC and ethene biodegradation will facilitate development of molecular tools for detecting and differentiating VC-and ethene-assimilating bacteria in the environment. The completion of the Nocardioides sp. strain JS614 genome sequence (http://genome.ornl.gov/microbial/noca/) provides opportunities to use new approaches to identify enzymes involved in VC and ethene biodegradation. In this study, proteomic techniques were used to rapidly and accurately identify enzymes expressed in response to VC, ethene, and epoxyethane in strain JS614.
Chemicals, media, growth conditions, and protein extraction methods are described elsewhere (18) . Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) analysis was performed by the method of Laemmli (15) with extracts (10 to 50 g protein) from VC-, ethene-, epoxyethane-, and acetategrown cells. Polyacrylamide gels were stained with Bio-Safe Coomassie blue (Bio-Rad Laboratories, Inc.). Visual inspection ( Fig. 1 ) revealed several polypeptides expressed in response to ethene, epoxyethane, and VC that were not ex-pressed in response to acetate, suggesting that they were directly involved in VC, ethene, and epoxyethane metabolism. Polypeptide bands from all lanes in each numbered section of the gel were excised and digested with bovine trypsin (Promega Corp.). The resulting monoisotopic peptide fragment masses were analyzed with a Bruker BiflexIII matrix-assisted laser desorption-ionization time of flight (MALDI-TOF) mass spectrometer in positive-ion/reflector mode, using an ␣-cyano-4hydroxycinnamic acid matrix (14, 19) . Peptide mass fingerprints (PMFs) of digested polypeptide bands ( Fig. 2) were compared to the PMF of a control gel fragment that had no contact with cell extracts, and matching masses within a 0.3-kDa mass tolerance were excluded from analysis. The remaining peptide masses were compared to those of all bacteria in the NCBInr database, using the following parameters in Mascot (20) : zero missed cleavages, carbamidomethyl (fixed modification), methionine oxidation (variable modification), and a 0.3-kDa mass tolerance. Results were evaluated using the Mowse probability-based scoring algorithm (19) .
PMF analysis revealed seven polypeptides expressed in response to VC, ethene, and epoxyethane with statistically significant Mowse scores (P Ͻ 0.05) from at least two independent PMF analyses of a single growth condition ( Table 1) . None of these polypeptides were observed in extracts from acetate-grown JS614 cultures (data not shown). However, our PMF data do not rule out the possibility that proteins reported in Table 1 are present in acetate-grown cells at very low abun- Table 1 . k Gene number in finished JS614 genome sequence corresponding to Mascot hit. All NBMs, with the exception of one unknown lipoprotein match to Noc4827 (Mowse score, 80), were not significant. A putative translation elongation factor (encoded by Noc3922; Mowse score, 162) was the only peptide consistently identified in acetate-grown cells (Fig. 1) .
l All proteins shown were found in at least two independent analyses, and the results reported are averaged values.
dances. Eleven additional polypeptides expressed in response to VC, ethene, and/or epoxyethane were identified (P Ͻ 0.05) either in just one PMF analysis or only once under a particular growth condition (see Table S1 in the supplemental material). The polypeptides reported in Table 1 mapped to a plasmidencoded region of the JS614 genome sequence (Fig. 3 ) that contained known VC/ethene biodegradation genes (18) , suggesting that they are likely to participate in VC/ethene metabolism. Identification of AkMO subunit (EtnC), EaCoMT (EtnE), putative CoM biosynthesis protein ComA, and a probable CoA transferase in cell extracts from VC-and ethenegrown cells is consistent with previous reports (17, 18) , confirming the robustness of this proteomics approach. Five proteins not previously reported to be involved in VC/ethene metabolism were also identified. Reverse transcription (RT)-PCR assays were conducted to provide independent confirmation of proteomics results. Total RNA was extracted and purified, and RT-PCR was performed as previously described (17, 18) , using 0.1 ng RNA template. JS614 genomic DNA, extracted as described previously (3), was used as the positive RT-PCR control. Sterile water was the negative RT-PCR control, the 16S rRNA gene was the positive RNA control, and the RpoB gene was the positive mRNA control. Using the primers described in Table 2 , RT-PCR products of the expected size were observed with RNA extracted from ethene-, epoxyethane-, and VC-grown cells but not acetate-grown cells (data not shown). RT-PCR products were observed in all RNA extracts when 16S rRNA gene and rpoB primers were used, Our JS614 genome-assisted proteomics approach has led us to reformulate hypotheses concerning the VC/ethene biodegradation pathway in strain JS614. Previously, we proposed that a putative reductase (encoded by Noc4815; GenBank accession no. ZP_00655559) participated in regeneration of free CoM (18) . In this study, we identified a protein (encoded by Noc4827; GenBank accession no. ZP_00655570) expressed in response to ethene, VC, and epoxyethane with 53% amino acid identity (E ϭ 2eϪ156) to the 2-oxopropyl-CoM reductase/ carboxylase from the propene-oxidizing Xanthobacter sp. strain Py2 (GenBank accession no. Q56839) (1) ( Table 1 and Fig. 1 ). By analogy to the strain Py2 propene biodegradation pathway, the Noc4827 product could participate in carboxylating a VC/ ethene pathway metabolic intermediate with concomitant regeneration of free CoM. Based on BLAST homologies, we propose that the Noc4815 product is a CoA reductase rather than a previously predicted CoM reductase. We also previously hypothesized that a putative short-chain dehydrogenase (encoded by Noc4814; GenBank accession no. ZP_00655558) carried out a two-step dehydrogenation of 2-hydroxyethyl-CoM to 2-carboxymethyl-CoM (18) . Here, we provide circumstantial evidence ( Fig. 1 and Table 1 ) that a putative dual-function alcohol/acetaldehyde dehydrogenase encoded by Noc4822 (GenBank accession no. ZP_00655566) and/or Noc4833 (Gen-Bank accession no. ZP_00655575) participates in the JS614 VC/ethene pathway. Detailed biochemical studies are required to determine the role of these proteins in VC/ethene metabolism.
Previously, we reported that JS614 harbors two alleles of the EaCoMT gene etnE (18) . Bioinformatic analysis of the JS614 genome sequence has revealed a cluster of 14 additional genes that appear to have been recently duplicated, including Noc4841 (GenBank accession no. ZP_00655584; 90% amino acid identity with Noc4814) and Noc4833 (86% amino acid identity with Noc4822) (Fig. 3) . Theoretical trypsin protein digests obtained from ExPASy PeptideMass (10, 23) showed several peptide masses unique to each protein (Table 3; see  Table S2 in the supplemental material). Significant Mowse scores were obtained when these unique masses were input to Mascot (data not shown), indicating that PMF can distinguish between these highly similar proteins.
Although MALDI-TOF mass spectrometry (MS) is increasingly being used in microbiology, there are limited publications demonstrating its application in biodegradation research (11, 13) . Here, we used MALDI-TOF MS to identify seven proteins expressed in response to VC and ethene by strain JS614. Unique peptide masses were used to distinguish between mixtures of highly similar expressed proteins. To our knowledge, this is the first extensive application of PMF in conjunction with a completed genome sequence to identify enzymes translated in response to a xenobiotic pollutant. The ability to monitor and distinguish microbial involvement in pollutant degradation is a significant obstacle for bioremediation. An understanding of aerobic VC and ethene biodegradation pathways and the ability to detect the involved expressed proteins are important initial steps toward monitoring VC and ethene biodegradation in the environment. 
